To overcome the drawbacks of the proportional plus integral (PI) control based strategy, i.e., limitation for harmonic suppression and performance deterioration under load variation, a voltage control strategy based on the H∞ repetitive controller with inverter-side current feedback damping is proposed for the inverter in islanded microgrid. The H∞ repetitive controller provides good robustness against parameter perturbation and ensures the output voltage of low total harmonic distortion. Compared with other damping methods, a good resonance suppression and a better attenuation of the high-order harmonics can be achieved under the proposed strategy, which further improves the control performance of the voltage repetitive control system. A state space model including the damping coefficient is built to implement order reduction of the high-order controller, thereby simplifying the digital implementation while nearly without performance degradation. Moreover, the frequency response analysis shows that the order reduction can improve the adaptability of the controller to parameter variation. Finally, experiments and simulations verify the correctness of the analysis.
I. INTRODUCTION
Microgrid, as an important form of grid which can improve the utilization of distributed generation (DG), has received much attention in recent years [1] , [2] . The DG unit is usually connected to the microgrid via a power electronics inverter [3] . In islanded microgrid, the harmonic current generated by the nonlinear loads often distorts the inverter output voltage [4] . Voltage harmonic distortion not only degrades the power quality but also affects the safe and stable operation of inverters and loads [4] . Therefore, voltage control technique with good control performance is required to regulate the inverter output voltage with sinusoidal profile [5] , [6] .
Due to the simple structure, the proportional plus integral (PI) controller based strategy is widely used in the control of inverter [7] . Although the integral term can provide high gain, it also brings phase lag. In order to ensure a sufficient phase margin, the cutoff frequency of the controller can not be too high. Therefore, the open-loop bandwidth of the system The associate editor coordinating the review of this manuscript and approving it for publication was Ton Do . is limited. So it is difficult to meet the requirements in harmonic suppression [8] . The proportional plus resonant (PR) regulator exhibits high gain at the designed resonance frequency. So it can track sinusoidal reference signal with zero steady state error [9] , [10] . The method based on multiple resonant controllers can effectively reduce the total harmonic distortion (THD) of the inverter output voltage when serving nonlinear loads [11] . Nevertheless, this method involves the rational design of many control parameters, and excessive control gain will lead to instability of the system. In addition, more resource of the digital signal processor (DSP) is needed for this kind of controller compared with others [3] . In the harmonic droop control strategy [4] , the right quantity of harmonic voltage is appended to the fundamental reference voltage to compensate the harmonic voltage caused by the load harmonic current. However, the design of the droop coefficient at each harmonic frequency is more complex and the computational burden of this method is heavy. In [12] , a fuzzy neural network based control method is proposed for the standalone inverter. Nevertheless, the learning rate parameters in this method are difficult to tune. If without an VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ effective learning process, the control performance would be bad. In [13] , a control method combining the robust control and deadbeat control is proposed, which yields high robustness to model uncertainties as well as fast dynamic response. In [14] , a voltage control method involving two parts is designed based on an observer. The main problem is that it is difficult to choose the optimal values to obtain the desired performance due to too many control gains with many possible values. To equip the islanded inverter with a fast dynamic response and strong robustness, a strategy based on the sliding-mode control (SMC) is presented in [15] , [16] . However, the SMC causes the problems of time-variant switching frequency and chattering phenomenon. The control method based on the Lyapunov energy function is proposed in [17] , which shows good tracking performance and strong robustness against the LC-filter parameter variations. Nevertheless, the construction of the Lyapunov function may be difficult. A virtual capacitive impedance loop is used to attenuate the voltage harmonics for islanded microgrid [18] . However, this method is based on knowing the parameters in advance, which are difficult to acquire accurately in practice.
Due to the advantages of simple structure, easy digital implementation, strong ability to suppress harmonic interference, the repetitive controller is widely used in the control of inverters [3] , [19] , [20] . A control method consists of the SMC and the repetitive control is proposed in [21] to enhance the system robustness. However, the tuning of the low-pass filters and phase compensator is complicated. A mixed sensitivity based method is proposed in [3] to determine the repetitive control parameters. Nevertheless, the selection of weighting functions is not easy. In order to simplify the design of repetitive controller and enhance its robustness, a design method based on H∞ theory is suggested in [22] . In [23] , experimental results have been given for the current control of grid-connected inverters. A voltage H∞ repetitive controller is designed in [24] . Experiment results have been presented to demonstrate the good performance of the H∞ repetitive controller in harmonic rejection and strong robustness against load variation.
The inverters are often integrated into the microgrid through LC filters. At the resonance frequency, the LC filter with a phase lag nearly 180 degrees shows a large resonance peak, thereby resulting in poor system stability [25] . Thus, a good damping method to suppress the resonance is of great significance for improving the performance of the repetitive control based inverter system. In general, the damping method can be divided into three categories, including the additional filter method [26] , the passive damping method [27] , [28] , and the active damping method [29] . For the repetitive control based inverter system, the damping method of using digital filters in the control loop is adopted in [21] , [30] . However, the design of the notch filters or low-pass filters is dependent on accurate system parameters, such as the resonant frequency of the filter. Thereby, this method is lack of robustness. Among the passive damping methods, the way of placing a resistor in series with the filter capacitor is more recommended [31] . In [24] , this method is adopted to suppress the resonance peak of the LCL filter in the repetitive controller design. However, this damping method will increase the system power loss and may cause deterioration of the filtering performance at the same time. The two most used active damping methods are the capacitor current feedback and the inverter-side current feedback. Compared with the capacitor current feedback, the inverterside current feedback damping (ICFD) strategy provides the system with a larger stability margin and can achieve the switch protection [25] . To the authors' knowledge, there are few literatures available that discuss the design of H∞ repetitive control with ICFD for the inverter voltage control system. And contrastive analysis between different damping methods in application to the voltage-control based inverter system has not been explored so far.
In this paper, a control strategy based on the H∞ repetitive controller with ICFD is proposed for microgrid inverter. Generally speaking, the designed stabilizing compensator of the H∞ repetitive controller is high order. Thanks to the introduction of the active damping coefficient in the state space model, the zero and pole locations of the stabilizing compensator can be adjusted flexibly. Therefore, through the rational design of the damping coefficient, the order of the compensator can be reduced to simplify the digital implementation while nearly without performance degradation. And the advantages of the ICFD over the passive damping method of placing a resistor in series with the filter capacitor (remarked as PDM) in reducing the output voltage THD for the H∞ repetitive control system is demonstrated through detailed theoretical analysis and experimental verification. Contrast experiments with PI controller and multiple resonant controllers verify the better harmonic suppression of the proposed strategy. In addition, simulations of the H∞ repetitive controller in parallel inverters application are provided. This paper is organized as follows. The basic control structure of the inverter is given in Section II. And the state space model considering active damping of the controlled object is built in Section III, followed by the detailed design process and robustness analysis of the H∞ repetitive controller. In Section IV, the experiment and simulation results are presented.
II. BASIC CONTROL STRUCTURE OF THE INVERTER
The architecture of the islanded microgrid consisting of parallel inverters and the structure of the proposed control strategy for the inverter are shown in Figure 1 . The inverter-side currents i abc , the output currents i oabc , and the output voltages of the inverter, v oabc , are measured for the system control. The voltage drop generated by virtual impedance is named v vαβ . v ref αβ is the voltage reference. k is the active damping coefficient [27] . The filter inductance and capacitance are represented as L and C, respectively. R d is the series equivalent resistance of the filter capacitor. The inverter control system consists of three components: (1) the voltage control loop based on the H∞ repetitive controller; (2) the resistive virtual impedance loop; (3) the droop control. This paper focuses on the design of the voltage control strategy. Details about the implementation of the virtual impedance based on the second-order general-integrator and the P-U , Q-f droop control can be found in [32] and [33] .
As shown in Figure 1 , the proposed control strategy is implemented in the αβ coordinates. Considering a balanced three-phase system, according to [34] , the single-phase LC filter model can be taken as an example to illustrate the design of the control system. From this point on, for simplicity, the subscripts, i.e., α or β, are suppressed.
The voltage control scheme based on the H∞ repetitive controller is described in Figure 2 , where P represents the actual controlled object. The external input signal w includes the input reference, external interference, and other signals. The output signal of P is defined as y. M (s) is the transfer function of the internal model, including the pure delay link (s is the Laplace operator) and the low-pass filter W (s). C com (s) is the transfer function of the stabilizing compensator to be designed, which can guarantee the exponential stability of the closed-loop system [22] . M (s) and C com (s) together constitute the H∞ repetitive controller. u is the output of the controller.
The overall design idea is as follows: firstly, based on P and M (s), a generalized object named P is to be constructed to form a standard H∞ problem. Then, the stabilizing compensator C com (s) can be obtained by solving this problem. 
III. DESIGN OF THE VOLTAGE CONTROL STRATEGY
Since the solution of the standard H∞ problem needs to be performed based on the state space model, the state space model of P and M (s) will be built first.
A. STATE SPACE MODEL OF P CONSIDERING ACTIVE DAMPING
The single-phase diagram of the LC filter is shown in Figure 3 . i oα is the output current, and u cα is the voltage across the filter capacitor. v oα is the output voltage.
The space vector pulse width modulation (SVPWM) block together with the inverter is modeled by using an average voltage approach [24] , so that the average value of v f α over a sampling period is equal to v sα . Therefore, the SVPWM block and the inverter bridge can be ignored when designing the controller.
In this paper, when establishing the state space model of P, the filter inductor current i and the capacitor voltage u c are selected as the state variables
The external input signal w consists of the current i o and the reference input v ref
The output signal y is defined as the voltage tracking error
In order to introduce the active damping control, the controller output u is defined as According to the above defined variables, the space-state equation of P is described bẏ 5) and the output equation
From (5) and (6), the transfer function of P can be calculated by
For ease of description, the following notation is used
B. FORMULATION OF THE H∞ STANDARD PROBLEM
According to [22] , the block diagram shown in Figure 2 needs to be transformed into the H∞ standard problem form, which is shown in Figure 4 . In Figure 4 , the generalized input and the generalized output are defined asw
Two weighting coefficients, ξ and µ, are introduced to provide additional degrees of freedom for the controller design. The closed-loop system shown in Figure 4 can be represented as
In this paper, W (s) is chosen as a first-order low-pass filter, and its transfer function is as follows
where ω c is the cut-off frequency. Its simplified notation is
From Figure 4 , the following equations can be derived
Combining (14), (15) , and (16), the transfer function of the generalized object is as follows
Then, once all the parameters have been determined, the stabilizing compensator C com (s) can be solved by the MATLAB robust control toolbox.
C. SOLUTION AND ORDER REDUCTION OF THE STABILIZING COMPENSATOR
For the pure delay link, the delay time τ should theoretically be equal to the period of the input signal v ref . But in practice, it is often set slightly smaller than T to obtain a better control performance [22] . According to [24] , if the delay time is determined by (18) , the H∞ repetitive controller will be adaptive to the frequency variation of v ref to some extent, improving the tracking performance of the controller.
The parameters of the inverter used in this paper are shown in Table 1 .
Considering that the frequency of v ref is 50 Hz, the delay time is set to τ = 19.9 ms, so that ω c = 10000 rad/s can be obtained from (18) . The two weighting parameters are set to ξ = 150 and µ = 2.5. When k is set to 0.7, the solved compensator is as follows C com (s) = 1790.9 s 2 + 183s + 1.886e 8 (s + 10000) s 2 + 6808s + 2.124e 8 (19) From (19), it can be seen that C com (s) has three poles (represented in ''×''), including two conjugate poles, and two conjugate zeros (represented in ''•''). Figure 5 shows that with the increasing of k, the conjugate zeros and the conjugate poles are getting close to each other. The closer they are, the less performance degradation caused after canceling the conjugate poles and zeros.
As shown in Figure 6 , with the active damping coefficient k increasing, the notch filter characteristic of C com (s) at the resonant frequency of the filter is weakened, which is conducive to reducing the sensitivity of the controller to the variation of filter parameters. However, as the active damping coefficient increases, the inverter output impedance increases. So there is a trade-off.
Based on the above analysis, the active damping coefficient is set to 3 finally, and the corresponding solution of C com (s) is given by C com (s) = 1684.5 s 2 + 3911s + 1.994e 8 (s + 10000) s 2 + 7787s + 2.132e 8 (20) After eliminating the near zeros and poles, the reducedorder compensator can be expressed as C com (s) = 1684.5 s + 10000 (21) As shown in Figure 7 , the frequency characteristic of the two are almost the same, only with a small difference at the resonant frequency of the LC filter. That is to say, the performance degradation caused by order reduction will be acceptable.
D. PERFORMANCE COMPARISON OF MITIGATION OF HIGH-ORDER HARMONICS BETWEEN DIFFERENT DAMPING METHODS
When the PDM is adopted, the design criteria in [31] and [35] is used to determine the value of the passive damping resistor. The resonant frequency of the LC filter is given by From (22), it can be derived that the impedance of the filter capacitor at the resonant frequency is 10.66 . According to [35] , the damping value is set to a similar order of magnitude as the series capacitor impedance at the resonant frequency. Overall considering the damping effect and power loss limitation, the recommended value of the passive damping resistor is somewhere between 2 and 3 .
When ICFD or PDM is adopted, the equivalent controlled object of the LC filter can be respectively expressed as
where R is the passive damping resistance.
To maintain the consistency of comparison, by trial and error, when R is set to 3 , the resonance suppression in PDM is almost the same as that with ICFD. Figure 8 shows the Bode plots of G act (s) and G pas (s). It can be seen that compared with PDM, the ICFD has a stronger filtering ability for high-frequency components, which means that a better waveform of the output voltage will be obtained [35] .
The solved compensator with R = 3 in the PDM is as follows C comp (s) = 1628.9 s 2 + 3936s + 1.992e 8 (s + 10000) s 2 + 7517s + 2.052e 8 (25) 
E. ROBUSTNESS ANALYSIS OF THE REDUCED-ORDER CONTROLLER
According to [24] , the closed-loop system in Figure 2 is exponentially stable if the H∞ norm of the transfer function from a to b, denoted as T ab (s), in Figure 4 satisfies
Assume that the state-space realization of C com (s) is The transfer function T ab (s) in Figure 4 can be expressed as
Then, once the compensator C com (s) is determined, the stability of the system in Figure 2 can be verified by checking the H∞ norm of T ab (s). According to the stability criterion, it is calculated that the H∞ norm of T ab (s) is 0.86385 when the compensator in (20) is used and 0.85583 when the compensator in (21) is used. Therefore, the order-reduced compensator can still ensure the stability of the closed-loop system shown in Figure 2 . Assuming continuous values for L, C, and R d inside the range 0.54 mH to 0.94 mH, 4.6 µF to 8.6 µF, and 0.01 to 0.2 , the variation of the H∞ norm of T ab (s) is shown in Figure 9 when the order-reduced compensator in (21) is adopted.
It can be observed from Figure 9 when the parameters of the inverters vary in a large range, the H∞ norm of T ab (s) is always less than 1, which proves that the designed H∞ repetitive controller has strong robustness.
IV. SIMULATIONS AND EXPERIMENTS A. VERIF ICATION OF THE ORDER REDUCTION DESIGN
The experimental setup is shown in Figure 10 (the inverter is based on DSP TMS320F28335). The voltage control strategy based on the repetitive controller with the compensator C com (s) is remarked as strategy 1. And that based on C com (s) is remarked as strategy 2.
In this part, the voltage reference is fixed at 100 V (the amplitude). The inverter is directly connected to load through circuit breaker. The parameters of the inverter are shown in Table 1 . Three experiment tests are carried out under different load conditions, and the load circuit topologies are shown in Figure 11 . The experimental results are shown in Figure 12 and Figure 13 .
It can be observed from Figure 12 and Figure 13 that the order reduction of the stabilizing compensator weakens the ability of the H∞ repetitive controller to suppress the harmonics around the resonant frequency. Therefore, the THD of the output voltage with strategy 1 is a little higher than that with strategy 2. Based on the experimental results, it can be seen that the control performance degradation is acceptable, which is consistent with the theoretical analysis in Section III.
B. HARMONIC MITIGATION COMPARISON OF THE H∞ REPETITIVE CONTROL WITH DIFFERENT DAMPING METHODS
The voltage control strategy based on the H∞ repetitive control with PDM is remarked as strategy 3. Three experiments in the same conditions have been carried out to provide comparison with strategy 1. The results are shown in Figure 14 . Figure 12 and Figure 14 show that under each condition, the THD of the output voltage with strategy 3 is higher than that with strategy 1. With the effort of strategy 1, the distortion of the high-order harmonic, which is with the harmonic order over 40, is significantly lower than that under strategy 3. Therefore, it can be concluded that compared with the PDM, the ICFD shows better performance of mitigation of the high-order harmonics, which can further improve the performance of the H∞ repetitive controller based voltage control system.
C. DYNAMICS COMPARISON OF THE H∞ REPETITIVE CONTROL WITH DIFFERENT DAMPING METHODS
Dynamic performance tests involving three scenarios are carried out: (1) In the subtractive or additive step of linear load, there is a resistive load of 50 connected to the inverter. (2) In subtractive or additive step of nonlinear load, the load of condition 2 shown in Fig. 11 is connected to the inverter. Due to the active damping implemented by inverter-side current feedback, the control output of strategy 1 suffers from load current disturbance more easily than that of strategy 3. From Fig. 15 and Fig. 16 , it can be seen that under load step, the recovering time of the inverter output voltage with strategy 1 is a little longer than that with strategy 3. As for the reference step, the dynamic response of the two strategies is almost the same.
D. PERFORMANCE COMPARISON WITH OTHER CONTROLLERS
Moreover, contrast experiments with the conventional PI controller and multiple resonant controller have been carried out to demonstrate the good performance of the proposed strategy (i.e., the strategy 1) in improving the inverter output voltage THD when serving nonlinear loads. It should be pointed out that in the resonant control strategy, the resonant controllers are tuned in the fundamental frequency and the 5th, 7th, and 11th harmonics. Experiments are carried out under different load conditions, and the load circuit typologies are shown in Fig. 21 . The experimental results are shown in Fig. 17 and Fig. 18 . And Table 2 shows the THD of the output voltage in each case.
The performance of the PI controller under highly nonlinear load is shown in Fig. 18(a) , where the harmonic effect of nonlinear current with THD of 28.32% almost deforms the output voltage with THD of 4.12% (the voltage THD needs to be maintained below 5% [4] ). Due to more effective rejection of the dominant harmonic components, a better waveform of the output voltage with the multiple resonant controller is obtained than the PI controller. The experimental result with H∞ repetitive controller is shown in Fig.18(c) . With the effort of the H∞ repetitive controller, it can be easily observed that the THD in voltage waveforms is almost negligible (THD = 2.62%) despite of highly nonlinear load current with THD of 28.64%. It should be noted that through increasing the number of the resonant controllers, the output voltage THD can be further improved, even lower than that with H∞ repetitive controller. However, this will make the controller design more complex and require more DSP resource. Dynamic performance tests under load change also have been carried out. In subtractive or additive step, there is a resistive load of 25 connected to the inverter. The results are shown in Fig. 19 and Fig. 20 , where the red line is for the output voltage and the black line is for the output current. It can be seen that each strategy can keep the inverter stable operation in case of sudden load change. The repetitive controller shows the slowest convergence of tracking error.
E. EFFECTIVENESS VERIF ICATION OF THE PROPOSED STRATEGY IN APPLICATION TO PARALLEL INVERTERS
As shown in Figure 22 , a microgrid simulation model consisting of two DG units is built to verify the effectiveness of the proposed control strategy in application to the multi-inverter system.
The energy storage device is simulated by DC power supply. Parameters of the two inverters are the same, as shown in Table 1 . Two kinds of load, as shown in Figure 23 , are used in the simulation tests. In all simulation tests, initially, only DG1 is connected to the load. At 0.5 s, DG2 is brought to synchronism with DG1 by the phase synchronizer and then is interconnected to the point of common coupling (PCC) by circuit breaker immediately. Different parameters of Feeder 1 and Feeder 2 are set to verify the performance of power sharing. According to [36] , the standard impedance of the feeder in low-voltage microgrid is 0.642+j0.083 /km. In this paper, the impedance of Feeder 1 is set to 0.1284+j0.0166 (with the length of 200 m) and the impedance of Feeder 2 is set to 0.0642+j0.0083 (with the length of 100 m). Figure 24 shows the simulation results with the linear load. The currents supplied to load by DG1 and DG2 are represented as i 1 and i 2 , respectively. The circulating current between the two inverters is defined as i H = (i 1 − i 2 )/2. It is shown in Figure 24 (a) and Figure 24 (b) that although there is a large impedance difference between Feeder 1 and Feeder 2, the load power is still well shared.
1) SIMULATION TEST UNDER LOAD CONDITION A

2) SIMULATION TEST UNDER LOAD CONDITION B.
In order to verify the performance of the harmonic current sharing, a simulation test is carried out with the nonlinear load. Figure 25 provides the simulation results under load condition B. It can be seen that the circulating current i H is close to zero in the steady state, which means that the harmonic currents can be well shared between the inverters.
V. CONCLUSION
In this paper, a control strategy is proposed for inverter in the islanded microgrid, and the following conclusions are obtained:
1) The adoption of the ICFD can realize the order reduction of the H∞ stabilizing compensator while a good resonance suppression for the LC filter. Experimental results show that the order reduction of the stabilizing compensator only slightly weakens the ability to suppress the harmonics around the resonant frequency.
2) The ICFD shows better harmonic suppression performance than the PDM, thereby providing the H∞ voltage control system better performance of regulating the output voltage with lower THD. This improves the power supply quality of the microgrid inverter.
3) Contrast experiments with PI controller and multiple resonant controller demonstrate the good performance of the proposed strategy in reducing the output voltage THD. The H∞ repetitive control shows slower dynamic response than the other two controllers. 4) Simulations are provided to verify the effectiveness of H∞ repetitive controller in parallel inverter application.
